Woodsmoke contains harmful components -such as fine particulate matter (PM 2.5 ) and polycyclic aromatic hydrocarbons (PAHs) -and impacts more than half of the global population. We investigated urinary hydroxylated PAH metabolites (OH-PAHs) as woodsmoke exposure biomarkers in nine non-smoking volunteers experimentally exposed to a wood fire. Individual urine samples were collected from 24-h before to 48-h after the exposure and personal PM 2.5 samples were collected during the 2-h woodsmoke exposure. Concentrations of nine OH-PAHs increased by 1.8-7.2 times within 2.3-19.3 h, and returned to baseline approximately 24 h after the exposure. 2-Naphthol (2-NAP) had the largest post-exposure increase and exhibited a clear excretion pattern in all participants. The level of urinary OH-PAHs, except 1-hydroxypyrene (1-PYR), correlated with those of PM 2.5 , levoglucosan and PAHs in personal PM 2.5 samples. This finding suggests that several urinary OH-PAHs, especially 2-NAP, are potential exposure biomarkers to woodsmoke; by contrast, 1-PYR may not be a suitable biomarker. Compared with levoglucosan and methoxyphenols -two other urinary woodsmoke biomarkers that were measured in the same study and reported previously -OH-PAHs might be better biomarkers based on sensitivity, robustness and stability, particularly under suboptimal sampling and storage conditions, like in epidemiological studies carried out in less developed areas.
INTRODUCTION
More than half of the global population is exposed to household smoke from the indoor burning of wood, coal, charcoal, and crop residues for cooking and/or heating. 1 People are also exposed to woodsmoke through wildfire, agricultural burning, and recreational burning, particularly in certain workers, such as firefighters. Components of woodsmoke include particulate matter (PM) and polycyclic aromatic hydrocarbons (PAHs), which are associated with a variety of adverse health outcomes, including cancer. [2] [3] [4] [5] Exposure to woodsmoke has been linked to respiratory symptoms, chronic obstructive pulmonary disease, and low birth weight and stillbirth. [6] [7] [8] [9] [10] Indoor smoke from solid fuels was ranked as the fourth leading risk factor for disease burden -behind underweight, unsafe sex, and poor water sanitation and hygiene -in the world's poorest regions. 11 Stove improvement and replacement programs 12, 13 are implemented worldwide to reduce human exposure to woodsmoke as well as the potential disease and socioeconomic burdens associated with such exposure. To evaluate and guide such programs and investigate woodsmoke exposure, it is essential to have an accurate, effective, and robust characterization of personal exposure to woodsmoke.
14 One common approach involves measuring smoke components, such as fine particles less than 2.5 μm in diameter (PM 2.5 ), carbon monoxide, PAHs, and levoglucosan, in personal air samples. 12, 13, 15 However, personal air sampling could be inconvenient and burdensome for participants. In addition, measurement of pollutants in air samples does not account for individual physiological differences and personal behaviors that can affect the uptake, absorption, distribution, and metabolism of the air pollutants.
Alternatively, exposure in humans can be studied by measuring exposure biomarkers. 16 This approach reduces uncertainties related to spatial and temporal variations in pollutant levels in the environment, and uncertainties related to the individual differences in pollutant uptake. Furthermore, unexpected episodic exposures might not be feasibly captured by environmental monitoring. Biological samples collected after the exposure could readily reflect that exposure, especially with an understanding of biological half-lives and the pharmacokinetics of the biomarkers.
Several chemicals or classes of chemicals have been proposed as woodsmoke exposure biomarkers, 17 such as urinary levoglucosan [18] [19] [20] and methoxyphenols. 21 Urinary hydroxylated PAHs (OH-PAHs), a group of PAH metabolites, [22] [23] [24] [25] have been used as biomarkers of exposure to PAHs, with 1-hydroxypyrene (1-PYR) as the most commonly used indicator. 26, 27 A number of studies have used urinary OH-PAHs as the woodsmoke exposure biomarker to investigate stove emissions and evaluate the effectiveness of stove intervention efforts.
We report here nine OH-PAHs, metabolites of naphthalene, fluorene, phenanthrene, and pyrene, in urine specimens collected from nine participants experimentally exposed to woodsmoke for 2 h. We studied the excretion profiles of the urinary PAH metabolites from 24-h before to 48-h after the woodsmoke exposure. We also investigated the relationship between the PAH metabolites and the air pollutants on personal air samples collected during the 2-h exposure. This is the first study, to the best of our knowledge, that measured all three major biomarker classes for woodsmoke -levoglucosan, 19 methoxyphenols, 32 and PAH metabolites -in the same urine specimens. We compared these proposed biomarkers with regard to sensitivity, specificity, and practicality for assessing woodsmoke exposure in epidemiological studies.
MATERIALS AND METHODS

Study Design
The nine volunteers (four males and five females) were healthy adults between 20 and 65 years of age, self-reported non-smokers, and not occupationally exposed to PAHs at the time of this study (August, 2003) . From 2 days prior to 2 days after the controlled woodsmoke exposure, the participants avoided food cooked on open fires or food and drinks containing woodsmoke flavorings, and avoided exposure to second-hand smoke. 32 During the 2-h controlled exposure period, volunteers stayed in a closed hexagonal yurt-like structure with a camp fire burning a mixture of barkless softwood and hardwood at the center. The hexagonal yurt (3 m sides, 2.4 m height, approximately 23 m 2 area and 55 m 3 volume) contained an adjustable smoke vent (0.9-1.8 m 2 ) centered in the ceiling above the fire. Temperature in the yurt rose through the exposure period from 21°C to 36°C (mean 32°C). Participants sat approximately 0.75 m from the fire within 2 m from each other. They were allowed to move within the yurt and moderate their exposure at will. Each person collected a personal PM 2.5 sample at the breathing zone during the exposure period using a Harvard Personal Environmental Monitor for PM 2.5 at a flow rate of 4 l/min (Harvard School of Public Health, Boston, MA, USA).
Urine Sampling
For 24 h before the exposure, participants collected urine voids at will in separate containers for baseline measurements. The participants did not void during the 2-h exposure period, and then collected all urine voids at will for 48 h after the exposure. The participants collected each urine void in a pre-labeled polyethylene container, recorded the date and time of each void, and placed the container in an ice cooler or refrigerator. Participants delivered their urine samples to the laboratory each day, whereupon volume was measured for each sample. The samples were separated into aliquots, and stored at − 20°C. Samples were shipped frozen on dry ice to the Centers for Disease Control and Prevention (CDC), and stored at − 70°C until analysis for OH-PAHs in March, 2009. The study protocol was approved by the Human Research Protection Office at the CDC and the Human Subjects Division at University of Washington. Written informed consent was obtained from all participants prior to enrolling in the study.
Sample Analyses
We analyzed 13 urine voids per subject (3 pre-exposure samples and 10 post-exposure samples). Voids to be analyzed were selected to ensure consistent temporal coverage over the 48-h post exposure period, with deliberate over-sampling of voids collected in the first 24-h post exposure when urinary metabolite levels were expected to be changing most rapidly. A total of 117 urine samples were analyzed for OH-PAHs based on a method 33 certified by the U.S. Centers for Medicare & Medicaid Services according to the guidelines set forth in the Clinical Laboratory Improvement Amendments Act (CLIA). Briefly, urine samples (2 ml) were spiked with a mixture of 13 C-labeled internal standards and sodium acetate buffer containing β-glucuronidase and sulfatase, hydrolyzed overnight at 37°C, and then extracted by a solvent mixture (80% pentane and 20% toluene, v-v) through semi-automated liquid-liquid extraction. The extracts were evaporated, derivatized, and analyzed by isotope dilution gas chromatography high resolution mass spectrometry to quantify nine OH-PAHs: 1-, 2-naphthol (1-NAP and 2-NAP), 2-, 3-, 9-hydroxyfluorene (2-FLU, 3-FLU, and 9-FLU), 1-, 2-, 3-hydroxyphenanthrene (1-PHE, 2-PHE, and 3-PHE) and 1-PYR. Each analyte had its own 13 C-labeled internal standard. All analyses were subjected to a series of quality control and quality assurance checks as described elsewhere. 33 The limits of detection ranged 0.003-0.018 μg/l, and the detection frequency ranged 95-100% for the nine OH-PAHs. Urinary creatinine was measured on a Roche Hitachi 912 Chemistry Analyzer (Hitachi, Pleasanton, CA, USA) by use of the Creatinine Plus Assay, as described in Roche's Creatinine Plus Product Application # 03631761003.
Personal PM 2.5 samples were extracted and analyzed by gas chromatography mass spectrometry for 20 PAHs and levoglucosan and reported previously. 32 
Data and Statistical Analyses
Urinary OH-PAH concentrations below limits of detection were replaced with the limits of detection divided by square root of 2. Creatinine correction was applied to urinary results to account for urine dilution known to vary with the hydration status of the subject, and creatinineadjusted concentration was used for all analyses. All statistical analyses were performed through SAS 9.2 (SAS Institute, Cary, NC, USA) or R software (R Development Core Team, 2010).
We defined the starting time of the woodsmoke inhalation exposure as t = 0 h, the pre-exposure period as − 24 o t ≤ 0 h, and the post-exposure baseline period as 24o t ≤ 50 h. The observed pre-exposure level in each person was calculated as the average concentrations in the three urine specimens taken during − 24 − 0 h, and the post-exposure level was characterized as the average concentration in urine collected during three separate time segments, that is, 0-12 h (3.7 ± 1.0 samples/person), 12-24 h (2.1 ± 0.6 samples/person), and 24-50 h (4.2 ± 0.8 samples/person), to illustrate the uptake, excretion, and baseline phases, respectively.
We studied the association between the urine metabolite levels and the air pollutant levels on the personal air samples (PM 2.5 , levoglucosan, and PAHs). The urine biomarker levels in each participant were defined in two ways: (i) the average concentration in urine taken during 0-12 h, and (ii) the maximum post-exposure concentration. Because of the small sample size (seven data pairs for 1-NAP and nine data pairs for the remaining OHPAHs), we conducted linear regression and nonparametric Spearman's rank correlation analyses. Both methods gave comparable results, therefore, we only present results from the linear regression analysis. Pearson's correlation coefficient (r) was considered statistically significant when P-value was equal to or less than 0.05, and marginally significant when P was between 0.05 and 0.10.
The data for each OH-PAH were combined from all participants and analyzed using a non-linear mixed effects model 34 to calculate the mean background level, mean uptake level, mean decay rate parameter, and the population median half-life (t 1/2 ). The model took into account background exposure, first order decline of metabolites following exposure, and between-subject variation in pharmacokinetics. 35 We included the data prior to the controlled woodsmoke exposure (pre-exposure, t ≤ 0 h) and after the observed time of peak urinary concentration (post-peak, t ≥ t max ), and omitted the data during the uptake phase.
RESULTS
Concentrations of PM 2.5 , levoglucosan, and PAHs on the personal PM 2.5 samples that the nine volunteers collected during their 2-h woodsmoke exposure are given in Supplementary Table S1 . Personal PM 2.5 concentrations ranged from 840 μg/m 3 (Participant C) to 3000 μg/m 3 (Participant B), averaging 1515 ± 682 μg/m 3 among the participants. 32 The PM 2.5 -bound PAH concentrations were 36.9 ± 4.8, 10.7 ± 3.1, 7.2 ± 1.2, 19.7 ± 13.6, and 46.6 ± 20.8 ng/m 3 for naphthalene (NAP), fluorene (FLU), phenanthrene (PHE), pyrene (PYR), and benzo[a]pyrene, respectively.
As shown in Table 1 , the observed pre-exposure OH-PAH concentrations in the participants were at similar level or lower than those in the U.S. adult population (20 years of age and older). 36 Urinary OH-PAH levels increased by up to 28 times in the participants within hours after the inhalation exposure, then gradually decreased to baseline levels approximately 24 h after the exposure. Figure 1 gives the box-and-whisker plots of the average urinary concentrations for 2-NAP and 1-PYR in all participants during pre-exposure (−24 − 0 h) and three time segments post-exposure (0-12 h, 12-24 h, and 24-50 h). The time course of creatinine-adjusted concentrations of the nine OH-PAHs from participant G is given in Figure 2 and other participants are represented in Supplementary Figures S1~S8. Most urinary PAH metabolites in Participant C did not show the anticipated pattern corresponding to the exposure (Supplementary Figure S3) , which might be explained by the lowest personal PM 2.5 level in this person compared with the rest of the participants. 32 Therefore, data from Participant C were excluded from the pharmacokinetic model analysis.
Among the nine OH-PAHs, 2-NAP had the largest increase after the inhalation exposure -averaging 7.2 times (1.9-28 times) among the participants -followed by 1-NAP (4.5 ± 2.1 times) and 9-FLU (4.4 ± 4.0 times), as shown in Supplementary Table S2 . Urinary 2-NAP levels in all participants displayed the anticipated excretion profile (Figure 3) , that is, an initial rapid increase after the exposure, followed by a decrease to baseline concentration consistent with background exposure after approximately 24 h. The rest of OH-PAHs generally followed a similar pattern, although with some exceptions. Most notably, 1-NAP, an isomer of 2-NAPboth metabolites of naphthalene -peaked before the exposure in Participants C and E, and decreased throughout the monitoring period ( Supplementary Figures S3 and S5) , indicating a substantial source of 1-NAP other than naphthalene in the woodsmoke for these two persons. For example, 1-NAP is also a main metabolite of the wide-spectrum carbamate insecticide carbaryl, 37 the herbicide napropamide, 38 and the widely used beta-blocker propanolol. 39 Therefore, 1-NAP data from these two persons were excluded from further data analysis. With the exception of 1-PYR, the urinary PAH metabolite concentrations correlated with PM 2.5 , levoglucosan, benzo[a] pyrene, and the corresponding parent PAHs in the personal air samples (Table 2) . Example linear regression plots of urinary 2-NAP and 3-PHE against PM 2.5 are given in Supplementary Figure S9 . Both the average concentration during 0-12 h post exposure and the maximal post-exposure concentration were used in the linear regression analysis and both gave similar results (Table 2 ). 1-PYR was the only urinary PAH metabolite that did not correlate with air pollutants, including pyrene, its parent compound. Table 3 gives the pharmacokinetic parameters for the excretion of the PAH metabolites, estimated using a non-linear mixed effects model with a term for background exposure. The modeled mean background and uptake levels for the OH-PAHs were highly consistent with the corresponding observed mean levels presented in Supplementary Table S2 . The two smallest PAH metabolites had the shortest t 1/2 of approximately 6 h. The largest PAH metabolite measured in the study, 1-PYR, had the longest t 1/2 (24 h), albeit the 95% confidence intervals on this estimate were broad (13.5-92.0 h). The t 1/2 for the remaining OH-PAHs, metabolites of fluorene and phenanthrene, ranged 8-15 h.
DISCUSSION
In general, OH-PAH concentrations increased after the woodsmoke exposure, reaching a maximum within 2.4-19.3 h (Table 1) and returning to the pre-exposure baseline approximately 24 h after the exposure. Notably, 2-NAP had the largest increase after the exposure and exhibited a clear rise-fall excretion pattern in all participants ( Figure 3 ). This is consistent with the previous suggestion that 2-NAP is a more suitable biomarker for inhalational exposure to PAHs 30, 40, 41 than the other OH-PAHs. Despite the small sample size (n = 7 for 1-NAP, n = 9 for the remaining OH-PAHs), eight urinary OH-PAHs (except 1-PYR) were significantly associated with PM 2.5 and levoglucosan in the personal air samples with r as high as 0.93 (Table 2) . Generally, these OH-PAHs were also correlated with PAHs in the PM 2.5 samples, although to a less extent. This is not surprising, considering PAHs are distributed into both gaseous and particle phases in air. Small PAHs with two to three aromatic rings, such as naphthalene, fluorene, and phenanthrene, exist primarily in the gaseous phase, whereas those with four or more rings (e.g., pyrene and benzo[a]pyrene) are primarily in the particle phase. [42] [43] [44] Therefore, small PAHs on the PM 2.5 filters only represent a minor portion of total PAHs in air, which would affect the correlation with the urinary PAH biomarkers.
Post-exposure 1-PYR levels -evaluated using maximum, average 0-12 h, and average 0-24 h concentrations (data not shown) -were not significantly correlated with any of the air pollutants in personal PM 2.5 samples, including pyrene. It has been suggested that diet is likely a primary source for urinary 1-PYR in populations that are not knowingly exposed to high levels of PAHs. 45 An earlier study on charcoal workers reported that 1-PYR was less sensitive than 2-NAP for monitoring woodsmoke exposure. 46 Other potential factors include the relatively low exposure and small sample size (n = 9) in this study, and the longer t 1/2 compared with the other OH-PAHs. Although 1-PYR is the most common and often the only biomarker used in PAH exposure studies, our results suggested that 1-PYR is not the appropriate biomarker for relatively low inhalational exposures.
The t 1/2 for the metabolites of naphthalene, fluorene, and phenanthrene ranged 6.3-14.7 h (Table 3) , which is consistent with previous reports on inhalation exposures. The t 1/2 for 1-NAP was 4 h in workers conducting naphthalene oil distillation. 47 The t 1/2 in eight smokers after cigarette smoking averaged 9.4 h (range 4.9-12.2 h) for 2-NAP and ranged 4.1-8.2 h for the fluorene metabolites. 48 Among 20 asphalt pavers who were exposed through both inhalation and dermal absorption, t 1/2 was 26 h (95% CI: 14-116 h) for naphthols (summation of 1-NAP and 2-NAP) and 14 h (95% CI: 9.0-28 h) for phenanthrols (summation of 1-, 2-, 3-, 4-, and 9-PHE). 49 The modeled t 1/2 for 1-PYR (23.5 h, 95% CI: 13-92 h), the largest among the 9 OH-PAHs measured, was similar to the mean t 1/2 (29 h, range 6.4-128 h) among 17 locomotive engine workers exposed to diesel exhaust. 50 1-PYR's estimated t 1/2 in this study was longer than most reported half-lives after inhalation exposure. For example, in five subjects who breathed workplace air at an aluminum plant for 6 h, the 1-PYR excretion t 1/2 was 9.8 h (95% CI: Figure 2 . Creatinine-adjusted concentration of nine urinary PAH metabolites (normalized to the maximum concentration observed) for participant G who was exposed to woodsmoke for 2 h (0-2 h).
7.9-12 h)
. 51 The mean t 1/2 was 6.1 h (range 1.9-12.5 h) among seven workers at an artificial shooting target factory using petroleum pitch as the basic binder. 52 After cigarette smoking, the t 1/2 averaged 6.0 h (range 3.7-9.9 h) in eight smokers. 48 It should be noted that most studies on elimination kinetics of OH-PAHs have focused on heavily exposed populations, such as occupationally exposed workers 52 and smokers. 48 Conducting pharmacokinetic modeling on populations with modest exposure, such as this study group, is more challenging. For example, the 1-PYR concentration immediately post exposure (0-12 h) merely reached the median level in the U.S. adults, and the maximum concentration were equivalent to the 75th percentile of the U.S. adult population ( Table 1 ). The maximum 1-PYR levels in this study were up to two orders of magnitude lower than the populations from which elimination half-lives were available. Therefore, the relatively low exposure from the 2-h woodsmoke inhalation, in combination with the relatively high and variable background from other sources, for example, diet, could lead to an overestimate of the excretion half-life for 1-PYR in this study.
As illustrated in Figures 2 and 3 , the urinary biomarker concentration varied largely within a few hours after an exposure. Therefore, when using biomonitoring for exposure assessment, it is essential to have an appropriate biological sampling scheme to capture and quantify potential exposure. This is especially important for episodic exposure to short-lived non-persistent chemicals that are metabolized and excreted rapidly in urine, such as PAHs.
With the exception of 1-PYR, the maximal concentrations of OH-PAHs post-exposure were highly correlated with personal exposure to PM 2.5 in woodsmoke (r = 0.69-0.93, Table 2 ). However, it is impossible to time the sampling to collect a single urine specimen at the peak excretion in a person. To simulate the use of a spot sample, we randomly selected one sample from each person during 0-12 h and conducted a similar correlation analysis. Correlation coefficients in bold are statistically significant (P o0.05); those in italic are marginally statistically significant (0.05 oPo 0.10).
a Parent PAH of the corresponding urinary PAH metabolites, e.g., naphthalene is the parent compound for 1-and 2-NAP, fluorene for 2-, 3-, 9-FLU; phenanthrene for 1-, 2-, 3-PHE; pyrene for 1-PYR. As expected, we found poor correlations between the urinary OHPAHs in simulated spot samples with air pollutants (data not shown). On the other hand, the average concentrations in the urine specimens collected during 0-12 h were highly associated with PM 2.5 in personal air samples, with r ranging 0.70-0.90, except 1-PYR (Table 2) . This demonstrates that, if possible, collection of multiple urine samples during the period post exposure will produce a better estimate than collecting a single spot urine sample after an episodic exposure. The cost of analysis can further be reduced by pooling multiple samples collected to obtain an estimate of the average exposure.
On the other hand, most exposure scenarios are not a one-time event, but occur continuously or comprise a series of recurrent events, for example, exposure to household air pollution from cookstove emissions. Such exposure would exhibit an excretion profile different from the one obtained in this single exposure study, and could allow the concentration from a spot urine sample of an individual to be better comparable with other populations. 53 Nevertheless, study protocols should still include consistent urine sampling timing and method. 53 This is the first study that we know of measuring all three proposed urinary woodsmoke biomarkers, 17 that is, urinary levoglucosan, 19 methoxyphenols, 32 and OH-PAHs. This provided a unique opportunity to evaluate these biomarkers based on the following aspects. First and foremost, an exposure biomarker needs to be a sensitive and dose-dependent indicator of exposure. Second, it should have adequate specificity for providing inference to an exposure source or pathway. Third, it should be biologically stable and robust in a matrix that is obtained by the least invasive means possible. These factors, along with the potential costs of collecting, maintaining, transporting, and analyzing specimens, should be considered for large epidemiological studies, particularly in less developed areas with limited resources where most stove improvement programs take place. 14 Levoglucosan, a sugar anhydride produced during the pyrolysis of cellulose, has been used as a specific tracer for biomass burning in PM source apportionment. 54, 55 Several studies have used urinary levoglucosan as a biomarker to assess human exposure to woodsmoke. [18] [19] [20] Among the nine participants in this study, however, only one showed an increasing urinary levoglucosan level, whereas the remaining participants did not respond consistently to the exposure. 19 This could be due to relatively low exposure levels and short duration in this study, or, as suggested, potential confounding sources for levoglucosan that were not excluded during study design, such as caramelcontaining food known to contain levoglucosan. 19 Methoxyphenols are formed during the pyrolysis of the wood polymer lignin and have been suggested as markers for biomass burning in air samples 56 and biomarkers in urine. 21 Among the 21 methoxyphenols measured, several compounds reached peak of elimination at approximately 5-6 h post exposure, whereas many other compounds, such as eugenol and vanillin, did not show a clear peak of elimination. 32 Ten urinary methoxyphenols had significantly positive association with levoglucosan and PM 2.5 in air (r: 0.70-0.91), whereas nine had no or negative association with the air pollutants (r: − 0.34-0.16). 32 Dills et al. 32 further suggested using the summed concentrations of five methoxyphenols with the largest post exposure increase as a woodsmoke indicator, because of their high response to exposure and high correlation with levoglucosan and PM 2.5 in the personal air samples.
Concentrations of most urinary OH-PAHs, except 1-PYR, were correlated with those of levoglucosan and PM 2.5 in the personal air samples. The Pearson's correlation coefficients ranged 0.68-0.90 (using the average 0-12 h post exposure concentration, Table 2 ), which were similar or higher than those of urinary methoxyphenols against PM 2.5 and levoglucosan. This suggests that the sensitivity of urinary PAH metabolites as woodsmoke biomarkers is similar, if not better, than that of the urinary methoxyphenols. Further, both biomarker classes appear to be more sensitive to woodsmoke exposure than urinary levoglucosan that did not exhibit post-exposure increase in most participants.
Specificity to an exposure source is a common challenge for biomonitoring, because biomarkers reflect collective exposure from all sources and routes over a period of time. PAHs are products of incomplete combustion and are also present in unburned petroleum products. Therefore, diet, air pollution, and cigarette smoke are potential sources for PAH exposure for the general population who are not occupationally exposed to high levels of PAHs. Incidental sources such as drug or pesticide exposures are likely to affect 1-NAP concentrations. Diet can also be a potential source for methoxyphenols (food containing woodsmoke flavoring) and levoglucosan (caramelized sugar). 17 Hence, all three urinary woodsmoke biomarker classes are limited with regard to specificity, and OH-PAHs have the most potential sources. Nonetheless, in a well-designed study, the alternative sources can be avoided or minimized by employing appropriate dietary and activity restrictions, which would enable linking the biomarkers with the target source.
Robustness and stability of the biomarkers are additional considerations that are often not considered. This is especially important for conducting epidemiological studies in less developed areas, for example, large-scale stove intervention programs, where specimen storage and handling may not be ideal. OH-PAHs, excreted in urine as glucuronide and sulfate conjugates, are stable at 37°C for 2 days or longer (tested at dark in an oven set at 37°C, Supplementary Figure S10 ). This can be beneficial in studies carried out in areas with limited refrigeration and freezing storage. In addition, urinary PAH biomarkers are hydroxylated metabolites after phase-I metabolism of the parent PAHs. In contrast, levoglucosan and methoxyphenol are measured in urine and present in smoke in the same form. Therefore, when using urinary OH-PAHs as exposure biomarkers, the samples are unlikely to be compromised by potential contamination during sample collection, transportation, and storage.
This study has several limitations. First, total PAH concentrations in air during the exposure period could not be measured in this study. PAHs are distributed into both gaseous and particle phases in air. The PM 2.5 -bound PAHs measured in this study only represented a portion of total PAHs in air. Second, we were only able to have nine participants completing this study, owing to limited resources, logistical considerations, and the burden on the participants. A larger sample size would give more power to this study. Third, we analyzed a subset of 13 urine voids per subject, and were unable to analyze every urine void collected by the subjects owing to budget limitation. Measuring all samples would provide more detail to the excretion profile.
In conclusion, urinary PAH metabolite levels increased in participants who were exposed experimentally to woodsmoke for 2 h. Most OH-PAHs, with the exception of 1-PYR, correlated with air pollutants on personal PM 2.5 samples collected during the 2-h exposure period. Hence, 1-PYR is not the best biomarker for inhalation exposure to woodsmoke, compared with the metabolites of naphthalene, fluorene, and phenanthrene; this is especially true in low to modest exposure scenarios. To assess acute or episodic exposure to woodsmoke, collecting multiple urine samples during a window of time, for example, 0-12 h post exposure, is more appropriate than a spot sample. Among the three classes of urinary woodsmoke biomarkers, OH-PAHs and methoxyphenols demonstrated comparable sensitivity whereas levoglucosan did not show anticipated responses after the exposure. All biomarker groups are not specific to woodsmoke and have other potential sources, which can be minimized with careful control or avoidance of alternative sources, for example, diet, smoking, and so on. Furthermore, the stability of the conjugated OH-PAHs in urine and minimal contamination risk during sample collection, transportation, and storage make these PAH metabolites especially suitable under suboptimal sampling and storage conditions, like in epidemiological studies in less developed areas, as is common with stove intervention programs.
